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Four  Fe-1 7Cr  alloys  with  various  Mn  contents  between  0.0  and  3.0  wt.%  are  prepared  for  investigation  of 
the  effect  of  Mn  content  on  the  oxidation  behavior  and  electrical  conductivity  of  the  Fe-Cr  alloys  for  the 
application  of  metallic  interconnects  in  solid  oxide  fuel  cells  (SOFCs).  During  the  initial  oxidation  stage 
(within  1  min)  at  750  °C  in  air,  Cr  is  preferentially  oxidized  to  form  a  layer  of  Cr2C>3  type  oxide  in  all  the 
alloys,  regardless  the  Mn  content,  with  similar  oxidation  rate  and  oxide  morphology.  The  subsequent 
oxidation  of  the  Mn  containing  alloys  is  accelerated  caused  by  the  fast  outward  diffusion  of  Mn  ions 
across  the  Cr203  type  oxide  layer  to  form  Mn-rich  (Mn,  Cr)304  and  Mn2C>3  oxides  on  the  top.  After  700  h 
oxidation  a  multi-layered  oxide  scale  is  observed  in  the  Mn  containing  alloys,  which  corresponds  to  a 
multi-stage  oxidation  kinetics  in  the  alloys  containing  0.5  and  1.0  wt.%  of  Mn.  The  oxidation  rate  and 
ASR  of  the  oxide  scale  increase  with  the  Mn  content  in  the  alloy  changes  from  0.0  to  3.0  wt.%.  For  the 
application  of  metallic  interconnects  in  SOFCs,  Mn-free  Fe-17Cr  alloy  with  conducting  Cr  free  spinel 
coatings  is  preferred. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  interconnect  is  a  critical  stack  component  of  solid  oxide  fuel 
cells  (SOFCs).  As  the  reduction  of  SOFC  operating  temperature  into 
an  intermediate  temperature  range  of  600-800  °C,  some  metal¬ 
lic  alloys  have  an  opportunity  to  replace  the  conventional  LaCr03 
based  ceramic  materials  as  SOFC  interconnects  with  advantages 
of  high  electronic  and  thermal  conductivities,  low  material  cost 
and  easy  fabrication.  During  the  period  of  operation  at  a  tempera¬ 
ture  between  600  and  800  °C  with  exposure  to  the  fuel  and  oxidant 
atmospheres,  an  oxide  scale  is  inevitably  formed  on  the  surface  of 
the  alloys,  increasing  the  electrical  resistance  of  the  interconnect. 
In  consideration  of  oxidation  resistance,  electrical  conductivity  and 
thermal  expansion  behavior,  Cr203 -forming  ferritic  Fe-Cr  alloys 
are  preferred  for  the  interconnect  application  as  Cr203  scale  has  an 
attractive  balance  of  relatively  low  oxide  growth  rate  and  accept¬ 
ably  high  electrical  conductivity,  compared  to  those  form  A1203  or 
Si02  scale  [1-9].  Nevertheless,  these  alloys  are  still  facing  a  serious 
challenge  of  insufficient  oxidation  resistance  in  a  long-term  SOFC 
operation;  the  thermally  grown  oxide  scale  upon  SOFC  operation 
will  gradually  increase  the  electrical  resistance  of  the  interconnect 
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to  an  unacceptable  level  during  the  expected  service  lifetime  of 
SOFCs  even  at  the  reduced  temperatures  [10-12]. 

The  presence  of  Mn  in  alloys  with  Mn  content  below  1  wt.% 
leads  to  the  formation  of  a  double-layered  oxide  scale  with  (Mn, 
Cr)304  on  top  of  Cr203,  which  is  expected  to  improve  the  electrical 
conductivity  of  the  scale  and  suppress  the  Cr  evaporation  as  (Mn, 
Cr)304  possesses  higher  electrical  conductivity  and  lower  evapo¬ 
ration  pressure  than  that  of  Cr203  [13-15].  Multi-stage  oxidation 
kinetics,  each  obeying  Wagner’s  parabolic  law,  was  observed  in  SUS 
430  and  Haynes  230  alloys  with  a  low  Mn  content  [16,17],  which 
can  be  attributed  to  faster  diffusion  of  Mn  ions  in  Cr203  than  that 
of  Cr  ions  and  Mn  deficiency  and  recovery  in  the  substrate  adjacent 
to  the  alloy/oxide  scale  interface  [18-20].  However,  the  oxidation 
behavior  and  scale  microstructure  are  sensitive  to  the  Mn  content  in 
alloys.  With  further  increase  of  Mn  content,  Mn-rich  oxides,  such  as 
Mn203  and  Mn304,  form  on  the  outermost  surface  of  Fe-Cr  alloys, 
resulting  in  a  higher  oxidation  rate  and  oxide  scale  spallation,  as 
reported  by  Stott  et  al.  [21  ]  and  Marasco  and  Young  [22]. 

In  order  to  understand  the  effect  of  Mn  on  the  oxidation  resis¬ 
tance  and  electrical  conductivity  of  Fe-Cr  alloys  for  the  application 
of  SOFC  interconnects,  it  is  also  necessary  to  investigate  the  early 
stage  oxidation  behavior,  other  than  the  long  term  one.  Crouch  and 
Scully  [23]  indicated  that  the  presence  of  approximately  0.7%  Mn 
in  a  commercial  Fe-13Cr  alloy  results  in  preferential  formation  of 
a  nonprotective  Mn-Cr  spinel  in  a  controlled  H2-H20  atmosphere 
at  800  °C  during  the  early  stage  of  oxidation.  And  with  SUS  430 
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Table  1 

Chemical  composition  of  prepared  Fe-Cr-xMn  alloys  (wt.%). 


Alloy 

Mn 

Cr 

C 

S 

P 

Si 

Fe 

Fe-Cr-O.OMn 

<0.10 

16.87 

0.001 

0.007 

0.0100 

0.049 

Bal. 

Fe-Cr-0.5Mn 

0.52 

16.80 

0.001 

0.008 

0.0096 

0.049 

Bal. 

Fe-Cr-l.OMn 

0.99 

16.76 

0.001 

0.006 

0.0098 

0.043 

Bal. 

Fe-Cr-3.0Mn 

2.84 

16.90 

0.002 

0.008 

0.0088 

0.036 

Bal. 

alloys  containing  various  contents  of  Mn  (0.1 -0.9  wt.%)  oxidized  at 
1000  °C  in  0.165  atm  02-N2  atmosphere,  Saeki  et  al.  [24]  found  that 
corundum  type  oxide  forms  within  first  30  s  followed  by  forma¬ 
tion  of  spinel  type  oxide  nucleated  from  the  pre-existing  corundum 
oxides.  In  the  present  study,  a  series  of  Fe-Cr  alloys  with  different 
Mn  contents  were  studied  by  oxidation  at  750  °C  in  air  for  different 
durations  of  time.  The  effect  of  Mn  content  on  the  oxidation  behav¬ 
ior  of  the  Fe-Cr  alloys,  such  as  oxide  nucleation  and  growth,  oxide 
phase  and  morphology,  and  electrical  conductivity  of  the  oxide 
scale,  were  characterized. 

2.  Experiment 

The  designed  Fe-Cr  based  alloys  with  different  amounts  of  Mn 
(Mn  =  0.0, 0.5, 1 .0  and  3.0  wt.%)  were  prepared  with  high-purity  ele¬ 
mental  materials  by  arc  melting  in  vacuum.  The  homogenized  ingot 
was  processed  into  1  mm  thick  sheets  by  forging,  hot  rolling  and 
cold  rolling,  followed  by  conventional  heat  treatment.  The  chem¬ 
ical  composition  of  the  alloys  was  analyzed  as  listed  in  Table  1. 
Their  coefficient  of  thermal  expansion  (CTE)  was  measured  by  a 
thermal  dilatometer  of  DIL  402C  (NETZSCFI)  as  shown  in  Fig.  1. 
The  CTE  slightly  increases  with  Mn  addition  from  12.4  x  10-6  to 
13.0  x  10-6  K-1  in  the  temperature  range  of  35  and  800  °C  and  is 


well  matched  to  that  of  SOFC  cell  components  (typically  in  the  range 
of  10-13  x  10-6I<-1).  Rectangular  coupons  for  oxidation  evalua¬ 
tion  with  a  dimension  of  25  mm  x  25  mm  x  1  mm  were  cut  from  the 
heat  treated  alloy  sheet  by  using  an  electrical  discharge  machine, 
and  the  coupon  surfaces  were  ground  with  SiC  papers  up  to  2000- 
grit,  followed  by  mechanically  polish.  They  were  solvent  cleaned 
ultrasonically  and  dried  prior  to  oxidation. 

Isothermal  oxidation  was  performed  at  750  °C  in  a  furnace 
with  stagnant  air.  Coupons  for  initial  oxidation  evaluation  (within 
50  h,  typically  within  10  min)  were  directly  put  into  the  furnace  at 
750  °C;  and  those  for  long-term  oxidation  (up  to  700  h)  were  heated 


Fig.  2.  XRD  patterns  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air  up  to  50  h:  (a)  O.OMn;  (b)  0.5Mn;  (c)  l.OMn;  (d)  3.0Mn. 


B.  Hua  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  7627-7638 


7629 


from  room  temperature  to  750  °C  in  the  furnace  within  20  min. 
Different  coupons  were  taken  out  after  designed  oxidation  time. 
The  weight  of  all  the  coupons  before  and  after  oxidation  was  mea¬ 
sured  and  recorded  for  calculating  the  weight  gain  upon  oxidation 
by  using  a  Sartorius  BT-25S  electronic  balance  with  an  accuracy  of 
10-5  g.  The  oxidation  kinetics  was  obtained  by  plotting  the  weight 
gain  against  oxidation  time. 

The  phase  structure  of  the  thermally  grown  oxide  scale  was 
characterized  using  an  X-ray  diffractometer  (XRD,  PANalytical 
X’Pert  PRO)  with  Cu  Ka  radiation  under  conditions  of  40  kV  and 
40  mA.  Due  to  the  detection  limit  of  the  0-20  mode,  the  0-0 
mode  with  an  incident  angle  of  0.8°  was  employed  to  identify 
the  phases  of  initially  grown  oxides.  The  microstructure  and/or 
composition  of  the  oxidized  surface  and/or  cross-section  of  the 
coupons  were  examined  by  an  environmental  scanning  electron 
microscope  (ESEM,  FEI  Quanta  200)  and  a  field  emission  scanning 
electron  microscope  (FSEM,  FEI  Sirion  200)  with  an  energy  disper¬ 
sive  spectroscope  (EDS).  X-ray  photoelectron  spectroscopy  (XPS, 
VG  Multilab  2000,  Thermo  Electron  Corporation)  and  atom  force 
microscope  (AFM,  SPA  400)  were  employed  to  determine  the  mor¬ 
phology  and  composition  of  the  initially  grown  surface  oxides.  The 


electrical  property  of  the  oxidized  samples  was  measured  using  the 
standard  four-probe  dc  technique  with  a  constant  current  density 
of  200  mAcm-2  at  temperatures  between  600  and  800  °C  in  air. 

3.  Results  and  discussions 

3.1.  Initial  oxidation  ofFe-Cr-xMn  alloys 

3.1.1.  Oxide  phases  and  oxidation  kinetics 

Fig.  2  is  the  XRD  patterns  ofFe-Cr-xMn  alloys  oxidized  at  750  °C 
in  air  for  up  to  50  h.  Single  oxide  phase  of  Cr203  was  obtained  in  the 
Fe-Cr-O.OMn  alloy  oxidized  within  50  h  (Fig.  2a),  which  indicates 
that  the  residual  Mn  (<0.1  wt.%)  in  Fe-Cr  alloy  does  not  promote 
the  formation  of  spinel  type  oxide.  With  Mn  content  increased  in 
the  alloy  to  0.5  wt.%,  only  Cr203  type  oxide  formed  within  initial 
30  min  of  oxidation,  followed  by  gradually  enhanced  formation  of 
(Mn,  Cr)304  spinel  oxide  (Fig.  2b).  As  Mn  content  further  increased 
in  the  alloy  to  1  and  3  wt.%,  formation  of  (Mn,  Cr)304  spinel  oxide 
started  soon  after  1  min  oxidation  (Fig.  2c  and  d);  and  Mn-rich  oxide 
Mn203  appeared  in  the  oxide  scale  after  5h  oxidation.  The  thick¬ 
ened  Mn203  layer  on  top  of  the  scale  made  invisible  the  diffraction 
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Fig.  4.  SEM  surface  morphology  of  the  Fe-Cr-O.OMn  alloy  oxidized  at  750  °C  in  air  for  (a)  30  s;  (b)  60s;  (c)  5  min  and  (d)  10  min. 


signals  from  the  underneath  Cr203  and  (Mn,  Cr)304  oxides  in  the 
0-6  diffraction  mode.  Based  on  the  XRD  result,  it  can  be  seen  that 
with  extremely  low  Mn  content  in  the  Fe-Cr  alloy,  corundum  type 
oxide  is  the  only  form  of  oxidation  product  within  50  h  at  750  °C  in 


air;  with  Mn  content  increased  from  0.5  to  3  wt.%,  the  incubation 
time  for  formation  of  the  spinel  type  oxide  is  shortened  significantly 
to  the  level  of  1  min,  and  more  Mn-rich  phase  Mn203  type  oxide  is 
presented  in  the  Fe-Cr  alloy  containing  3.0  wt.%  of  Mn. 
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1  1 

Fig.  5.  SEM  surface  morphology  of  the  Fe-Cr-0.5Mn  alloy  oxidized  at  750  °C  in  air  for  (a)  30  s;  (b)  60  s;  (c)  5  min  and  (d)  10  min. 
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Fig.  3  shows  the  oxidation  kinetics,  the  square  of  the  area  specific 
weight  gain  against  the  oxidation  time,  of  the  Fe-Cr-xMn  alloys 
oxidized  at  750  °C  in  air.  For  oxidation  within  2  min,  the  weight 
gain  of  all  Fe-Cr-xMn  alloys  is  on  the  same  level,  regardless  of  Mn 


content,  as  seen  in  Fig.  3a.  As  the  oxidation  time  prolonged,  the  oxi¬ 
dation  rate  of  the  Fe-Cr-3.0Mn  alloy  beyond  10  min  is  significant 
higher  than  those  of  the  others.  The  general  trend  is  that  the  oxida¬ 
tion  rate  increases  with  Mn  content  in  the  alloy,  which  becomes 


Fig.  7.  SEM  surface  morphology  of  the  Fe-Cr-3.0Mn  alloy  oxidized  at  750  °C  in  air  for  (a)  30  s;  (b)  60s;  (c)  5  min  and  (d)  10  min. 
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Fig.  8.  AFM  surface  morphology  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air  for  60s:  (a)  O.OMn;  (b)  0.5Mn;  (c)  l.OMn;  (d)  3.0Mn. 


more  obvious  with  prolonged  oxidation  time  in  the  alloys  con¬ 
taining  more  than  0.5  wt.%  of  Mn  (Fig.  3b).  According  to  the  XRD 
result  above,  it  is  confirmed  that  the  increased  oxidation  rate  of 
the  alloys  with  Mn  addition  is  associated  with  the  formation  of 
(Mn,  Cr)304  and/or  Mn203  phases  in  the  oxide  scale  of  the  Fe-Cr 
alloys.  The  formation  of  (Mn,  Cr)304  spinel  and  Mn203  phases  in  the 
oxide  scale  is  expected  to  increase  the  electrical  conductivity  of  the 
oxide  scale  and  alleviate  cathode  Cr-poisoning  [4,25-28].  Flowever, 
excessive  Mn  content  in  the  Fe-Cr  alloy  increase  the  oxidation  rate; 
and  consequently  a  much  thicker  oxide  scale  is  formed,  lowering 
the  oxidation  resistance  of  the  alloy  and  increasing  the  electrical 
resistance  of  the  oxide  scale. 

3.12.  Morphology  and  composition  of  oxide  scale 

The  surface  morphology  of  the  Fe-Cr-xMn  alloys  initially  oxi¬ 
dized  for  up  to  10  min  at  750  °C  in  air  is  shown  in  Figs.  4-7.  The 
surface  of  the  Fe-Cr-xMn  alloy  after  30  s  oxidation  is  clean  under 
the  resolution  of  the  FSEM  used;  no  oxides  are  observed  other 
than  the  polishing  scratches  (Figs.  4a-7a).  When  oxidation  time 
reaches  1  min,  the  surface  of  the  Fe-Cr-xMn  alloys  is  decorated 
by  uniformly  distributed  small  oxide  particles  (Figs.  4b-7b).  With 
increasing  oxidation  time  to  5  min,  the  oxidized  surfaces  are  fully 
covered  by  densely  packed  oxide  particles  (Figs.  4c  and  7c),  which 
are  well  grown  with  prism-like  large  oxides  along  the  original 
grain  boundary  in  the  Fe-Cr-l.OMn  alloy.  At  10 min  of  oxidation, 
the  morphology  of  the  oxidized  surfaces  of  the  Fe-Cr-O.OMn  and 
Fe-Cr-3.0Mn  alloys  are  not  changed  significantly  compared  to 
those  oxidized  for  5  min  (Figs.  4d  and  7d);  however,  the  surface 
oxide  morphology  of  the  Fe-Cr-0.5Mn  and  Fe-Cr-l.OMn  alloys  is 
different  from  those  oxidized  for  5  min  (Figs.  5d  and  6d).  It  is  noticed 
that  the  surface  oxide  morphology  of  the  Fe-Cr-0.5Mn  alloy  oxi¬ 


dized  for  1 0  min  is  similar  to  that  of  the  Fe-Cr-1  .OMn  alloy  oxidized 
for  5  min;  and  the  oxides  on  the  surface  of  the  Fe-Cr-l.OMn  alloy 
oxidized  for  10  min  (Fig.  6d)  are  well  crystallized  in  prism  shape  on 
the  outmost  surface.  According  to  the  crystal  structure  of  corun¬ 
dum  and  spinel  oxides  and  the  XRD  result,  it  can  be  determined 
that  the  prisms  are  (Mn,  Cr)304  spinel.  The  diffusion  rate  of  ions 
along  with  the  grain  boundary  is  orders  of  magnitude  faster  than 
that  of  bulk  diffusion  [29-31  ],  which  explains  the  appearance  of  the 
large  grain  boundary  oxides.  From  the  fact  that  the  grain  boundary 
spinel  oxides  appeared  earlier  in  the  Fe-Cr-1  .OMn  alloy  than  in  the 
Fe-Cr-0.5Mn  alloy,  it  is  suggested  that  increasing  Mn  content  in 
the  Fe-Cr-xMn  alloys  enhances  the  outward  diffusion  of  Mn  ions, 
shortening  the  oxidation  time  for  initial  formation  of  the  spinel. 
The  reason  for  the  similarity  of  the  surface  oxide  morphology  in 
the  Fe-Cr-O.OMn  and  Fe-Cr-3.0Mn  alloys  may  be  that  the  surface 
oxide  in  both  alloys  is  corundum  type  oxide,  i.e.,  Cr203  and  Mn203, 
respectively. 

Fig.  8  is  the  AFM  micrographs  of  surface  oxide  of  the  Fe-Cr-xMn 
alloys  initially  oxidized  for  60s  at  750 °C  in  air,  showing  similar 
morphology  for  all  the  oxidized  surfaces,  even  though  the  oxide 
particles  formed  in  the  Fe-Cr-1  .OMn  and  Fe-Cr-3.0Mn  alloys  seem 
finer.  Fig.  9  is  the  XPS  surface  analysis  results  of  the  Fe-Cr-xMn 
alloys  initially  oxidized  at  750  °C  in  air  for  60  s,  showing  that  Cr  is 
the  predominant  element  in  the  surface  oxide  of  all  the  Fe-Cr-xMn 
alloys  and  only  insignificant  amount  of  Mn  is  contained  in  that  of 
the  Fe-Cr-l.OMn  and  Fe-Cr-3.0Mn  alloys.  This  AFM  observation 
result  and  XPS  analysis  are  consistent  to  the  above  FSEM  exam¬ 
inations  and  XRD  patterns,  once  again  confirming  that  the  early 
oxidation  is  independent  of  the  Mn  content  in  the  alloys  and  forms 
corundum  type  oxide.  Thus,  it  can  be  concluded  that  Cr  in  the  alloys 
is  preferentially  oxidized  to  form  a  protective  layer  of  corundum 
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Fig.  9.  XPS  results  of  the  Fe-Cr-xMn  alloys  initially  oxidized  at  750  °C  in  air  for  60s:  (a)  O.OMn;  (b)  0.5Mn;  (c)  l.OMn;  (d)  3.0Mn. 
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Fig.  10.  XRD  patterns  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air  for  up  to  700  h:  (a)  O.OMn;  (b)  0.5Mn;  (c)  l.OMn;  (d)  3.0Mn. 


type  oxide  during  the  early  stage  of  oxidation;  and  subsequent  oxi¬ 
dation  of  the  alloys  is  accelerated  due  to  the  presence  of  Mn  via  its 
fast  outward  diffusion  across  the  corundum  oxide  layer  to  form  (Cr, 
Mn)304  or  Mn203  on  the  top  surface  of  the  oxide  scale. 

3.2.  Long-term  oxidation  ofFe-Cr-xMn  alloys 

3.2.  i.  Oxide  phases  and  oxidation  kinetics 

Fig.  10  is  the  0-20  mode  XRD  patterns  of  Fe-Cr-xMn  (x  =  0.0, 
0.5, 1 .0  and  3.0  wt.%)  alloys  oxidized  at  750  °C  in  air  for  up  to  700  h. 
The  phases  in  the  oxide  scale  of  each  alloy  are  basically  the  same  as 
those  oxidized  for  50  h  under  the  same  conditions.  Cr203  is  the  only 
phase  in  the  oxide  scale  of  the  Fe-Cr-0.0Mn  alloy  oxidized  for  up 
to  700  h.  With  relatively  low  Mn  content  in  the  Fe-Cr-0.5Mn  alloy, 
the  oxide  scale  formed  during  700  h  of  oxidation  contains  Cr203 
and  (Mn,  Cr)304  phases.  And  in  the  Fe-Cr-1  .OMn  and  Fe-Cr-3.0Mn 
alloys,  Mn-rich  Mn203  phase  forms  with  oxidation  time,  besides  of 
Cr203  and  (Mn,  Cr)304. 

Fig.  1 1  presents  the  oxidation  kinetics  of  the  Fe-Cr-xMn  (x  =  0.0, 
0.5, 1 .0  and  3.0  wt.%)  alloys  oxidized  at  750  °C  in  air  for  up  to  700  h. 
As  expected,  in  all  cases,  the  square  of  specific  area  weight  gain 
caused  by  oxidation  increases  linearly  with  the  oxidation  time, 
satisfying  the  diffusion-controlled  parabolic  law  as  described  by: 


where  AW  is  the  sample  weight  gain,  A  is  the  sample  surface 
area,  t  is  the  oxidation  time,  and  kp  (g2  cm-4  s-1 ),  the  parabolic 
rate  constant,  is  the  slope  of  the  straight  line  in  Fig.  11  and  a 
measure  of  oxidation  resistance.  The  experimentally  obtained  kp 
for  the  Fe-Cr-xMn  alloys  is  listed  in  Table  2,  which  is  in  the 
order  of  10-13  to  10-15  g2  cm-4  s_1.  It  is  observed  that  the  oxi¬ 
dation  rate  of  the  Fe-Cr-xMn  alloys  increases  with  increasing  the 


Fig.  11.  Oxidation  kinetics  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air  for  up 
to  700  h. 
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Fig.  12.  SEM  surface  morphology,  with  inserted  EDS  analysis  at  the  marked  spot,  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air  for  700  h:  (a)  O.OMn;  (b)  0.5Mn;  (c)  1  .OMn; 
(d)3.0Mn. 


Mn  content,  which  indicates  that  it  is  the  Mn  containing  in  the 
alloys  that  accelerates  the  oxidation  rate  and  affects  the  oxida¬ 
tion  behavior  of  the  Fe-Cr  alloy.  The  kp  of  the  Fe-Cr-O.OMn  alloy 
is  3.8  x  10-15  g2  cm-4  s_1,  which  is  the  lowest  among  the  alloys 
and  two  orders  of  magnitude  lower  than  that  of  the  Fe-Cr-3.0Mn 
alloy  (3.8  x  10-13  g2  cm-4  s-1 ).  Furthermore,  no  obvious  change  in 
oxidation  rate  during  the  700  h  oxidation  was  observed  with  the 
Fe-Cr-O.OMn  and  Fe-Cr-3.0Mn  alloys,  instead,  the  Fe-Cr-0.5Mn 
and  Fe-Cr-l.OMn  alloys  experienced  an  initial  slow  oxidation  with 
a  lower  rate  constant,  followed  by  a  faster  steady  oxidation  at  a 
higher  rate.  The  oxidation  rate  change  occurred  after  200  h  oxida¬ 
tion  and  demonstrated  a  two-stage  oxidation  characteristic  with 
two  different  slopes  in  the  kinetics  curves.  Such  multi-stage  oxida¬ 
tion  kinetics  was  observed  previously  in  Fe-Cr  and  Ni-Cr  alloys 
containing  less  than  1.0wt.%  of  Mn  [16,17],  and  was  attributed 
to  the  formation  of  MnCr204  spinel.  According  to  the  XRD  inten¬ 
sity  change  of  (Mn,  Cr)304  and  Mn203  phases  with  oxidation  time 
in  Fig.  10b  and  c,  it  is  expected  that  the  oxidation  rate  change 
happened  here  in  the  Fe-Cr-0.5Mn  and  Fe-Cr-l.OMn  alloys  is  cor¬ 
responded,  respectively,  to  the  enhanced  formation  of  (Mn,  Cr)304 


Table  2 

Parabolic  rate  constant  (fcp)  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air. 


Alloy 

kp  (g2  cm-4  s-1 ) 

Fe-Cr-O.OMn 

3.8  xlO-15  (0-700 h) 

Fe-Cr-0.5Mn 

3.7  x  10“14  (0-250  h);  7.9  x  10“14  (250-700  h) 

Fe-Cr-l.OMn 

8.8  x  10-14  (0-200  h);  1.7  x  10“13  (200-700  h) 

Fe-Cr-3.0Mn 

3.8  x  10-13  (0-700  h) 

in  the  Fe-Cr-0.5Mn  alloy  and  Mn203  in  the  Fe-Cr-l.OMn  alloy.  In 
the  cases  of  Fe-Cr-O.OMn  and  Fe-Cr-3.0Mn  alloys,  the  oxidation 
was  controlled  by  Cr  and  Mn  outward  diffusion,  respectively,  from 
the  very  beginning  without  rate-controlling  mechanism  change 
with  oxidation  time;  therefore,  a  constant  oxidation  rate  during 
the  700  h  oxidation  process  is  maintained. 

3.2.2.  Morphology  and  composition  of  oxide  scale 

The  surface  morphology  of  the  oxide  scale  of  the  Fe-Cr-xMn 
alloys  oxidized  at  750  °C  in  air  for  700  h  is  demonstrated  in  Fig.  12, 
with  inserted  EDS  compositional  analysis  at  the  marked  point.  It 
can  be  seen  that  the  Mn  content  in  the  surface  oxide  increases  as 
the  Mn  content  increases  in  the  alloy  from  0.0  to  3.0  wt.%,  which  is 
consistent  with  the  result  of  XRD  shown  in  Fig.  1 0  and  confirms  that 
Cr203  is  the  only  oxide  phase  in  the  oxidized  Fe-Cr-O.OMn  alloy 
and  (Mn,  Cr)304  and/or  Mn203  formed  in  the  alloys  containing  0.5, 
1.0  and  3.0  wt.%  of  Mn.  This  result  suggests  that  higher  Mn  content 
in  an  alloy  favors  the  formation  of  a  Mn-rich  surface  oxide  upon 
a  long  term  oxidation  due  to  fast  diffusion  of  Mn  ions  across  the 
scale.  Fig.  13  presents  the  cross-section  of  oxide  scales  formed  in 
the  Fe-Cr-xMn  alloys  oxidized  for  700  h  in  air.  The  thickness  of 
the  oxide  scale  increases  from  1  to  7  [xm  as  the  Mn  content  in  the 
alloy  changes  from  0.0  to  3.0  wt.%,  which  is  in  agreement  with  the 
oxidation  kinetics  shown  in  Fig.  1 1  and  suggests  that  addition  of 
Mn  in  the  Fe-Cr  alloy  decreases  its  oxidation  resistance  at  750  °C 
in  air.  A  dense  layer  of  Cr203  can  prevent  further  oxidation  of  the 
substrate  of  the  Mn  free  Fe-Cr  alloy;  however,  with  the  addition  of 
Mn  into  the  Fe-Cr  alloy,  the  fast  outward  diffusion  of  Mn  ions  leads 
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Fig.  13.  SEM  cross-sectional  morphology  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C  in  air  for  700  h:  (a)  O.OMn;  (b)  0.5Mn;  (c)  l.OMn;  (d)  3.0Mn. 


to  an  accelerated  oxidation.  Fig.  14  is  the  results  of  compositional 
analysis  made  by  EDS  line  scan  across  the  oxide  scale  shown  in 
Fig.  13.  In  consideration  with  the  above  XRD  results  and  the  cross- 
sectional  morphology  of  the  oxide  scale,  the  profiles  indicate  that 
only  a  layer  Cr203  formed  on  the  surface  of  the  Fe-Cr-O.OMn  alloy; 
a  duplex  oxide  scale  formed  on  the  surface  of  the  Fe-Cr-0.5Mn  alloy 
with  (Mn,  Cr)304  on  top  of  Cr203 ;  triple  layered  oxide  scale  formed 
on  the  surface  of  the  Fe-Cr-1  .OMn  alloy  with  (Mn,  Cr)304  between 
the  inner  Cr203  and  outer  Mn203 ;  and  a  double  layered  oxide  scale 
formed  on  the  surface  of  the  Fe-Cr-3.0Mn  alloy  with  Mn203  on  top 
of  (Mn,  Cr)304. 

3.2.3.  Electrical  conductivity  of  oxide  scale 

The  oxidation  of  metallic  interconnect  is  inevitable  in  SOFC 
operating  environment,  and  the  thermally  grown  oxides  with 
semi-conductor  behavior  will  significantly  deteriorate  the  cell  per¬ 
formance  after  long  term  oxidation.  A  low  and  stable  electrical 
resistance  is  required  for  metallic  alloys  as  the  interconnects  of 
SOFCs.  The  electrical  resistance  of  the  substrate  alloy  is  negligi¬ 
ble  as  it  is  insignificant  compared  with  the  formed  oxide  scale,  and 
the  main  contribution  to  the  electrical  resistance  of  the  metallic 
interconnect  comes  from  the  thermally  grown  oxide  scale.  The  area 
specific  resistance  (ASR,  £2  cm2),  which  measures  both  the  electri¬ 
cal  conductivity  and  thickness  of  the  formed  oxide  scale,  is  usually 
adopted  in  selecting  metallic  alloys  for  the  interconnects.  Fig.  15 
shows  the  measured  ASR  of  the  Fe-Cr-xMn  alloys  oxidized  at  750  °C 
in  air  for  700  h  as  a  function  of  measurement  temperature  T.  It  is 
noticed  that  the  ASR  increases  as  the  measurement  temperature 
decreases,  and  log(ASR/T)  is  linearly  proportional  to  1/T  approx¬ 


imately  with  a  slight  change  in  slope  at  around  700  °C,  showing 
the  electrical  characteristic  of  semi-conductors  as  described  by  the 
Arrhenius  equation: 

ASR  .  /Fa\ 

—  *exp(fcr)  (2) 

where  A  is  a  pre-exponential  constant,  T  the  absolute  temper¬ 
ature,  Fa  the  activation  energy,  and  k  the  Boltzmann’s  constant. 
The  obtained  activation  energy  is  in  the  range  from  0.37  to  0.43  eV 
and  from  0.26  to  0.29  eV  for  temperatures  above  and  below  700  °C, 
respectively,  which  is  somewhat  lower  than  those  obtained  in  the 
same  temperature  range  for  SUS  430  alloy  oxidized  at  750  °C  for 
400  h  [32].  As  a  matter  of  fact,  such  slope  change  was  also  observed 
in  oxidized  Ni-based  alloys  [33-35],  possibly  due  to  the  transition 
of  diffusion  from  the  intrinsic  to  the  extrinsic  charge  carriers  [36]. 
And  the  ASR  increases  with  Mn  content  in  the  alloy  at  the  tempera¬ 
tures  in  the  range  of  measurement,  corresponding  to  the  oxidation 
rate  and  oxide  scale  thickness  of  the  alloy.  In  fact,  the  formation  of 
more  conductive  (Mn,  Cr)304  spinel  and  Mn203  with  Mn  addition 
in  the  alloy  improves  the  electrical  conductivity  of  the  formed  oxide 
scale  [1,4,26-28];  however,  it  is  the  excessively  thicker  oxide  scale 
formed  in  the  Mn  containing  alloys  that  increases  the  electrical 
resistance  of  the  scale.  This  result  makes  it  clear  that  the  balance  of 
oxide  conductivity  and  thickness  is  of  importance  for  the  alloy  sub¬ 
jected  to  the  application  of  the  metallic  interconnects  in  SOFCs.  For 
the  purpose  of  lowering  the  electrical  resistance  of  the  oxide  scale 
formed,  Mn  free  Fe-17Cr  alloy  for  the  interconnect  application  is 
suggested.  In  order  to  alleviate  the  cathode  Cr-poisoning  caused  by 
Cr  evaporation  from  Cr203  during  SOFC  operation,  Cr-free  coatings, 
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Fig.  14.  Compositional  profile  of  EDS  line  scan  of  cross-sectioned  Fe-Cr-xMn 
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Fig.  15.  Dependence  of  the  ASR  on  temperature  for  the  Fe-Cr-xMn  alloys  oxidized 
at  750  °C  in  air  for  700  h. 


such  as  Mn-Co  [37,38]  and  Ni-Mn  [39]  spinels,  are  recommended 
to  be  applied  on  the  Mn  free  Fe-17Cr  alloy. 

4.  Conclusions 

The  basic  conclusions  forthcoming  from  present  work  can  be 
made  as  follows: 

(1)  The  CTE  of  the  Fe-Cr-xMn  alloys  (x  =  0.0,  0.5, 1.0  and  3.0wt.%) 
is  in  the  range  of  12.5-13.0  x  10-6  K-1  between  35  and  800  °C, 


which  is  well  matched  to  that  of  SOFC  cell  components  (typi¬ 
cally  10-13  x  10-6  K"1). 

(2)  At  the  initial  stage  of  oxidation  within  1  min  at  750  °C  in  air,  Cr 
is  preferentially  oxidized  to  form  Cr203  protective  layer,  which 
is  slightly  doped  by  Mn  in  the  Fe-Cr-l.OMn  and  Fe-Cr-3.0Mn 
alloys.  The  oxidation  rate  and  surface  oxide  morphology  are 
similar  to  each  other  for  all  the  Fe-Cr-xMn  alloys. 

(3)  Oxidation  rate  of  the  Fe-Cr-xMn  alloys  increases  subsequently 
with  the  content  of  Mn  in  the  alloy  due  to  fast  outward  diffusion 
of  Mn  across  the  initially  formed  corundum  type  oxide  layer  to 
form  Mn-rich  oxides,  such  as  (Mn,  Cr)304  and  Mn203  on  the  top, 
resulting  in  a  multi-layered  oxide  scale,  which  corresponds  to  a 
multi-stage  oxidation  kinetics  in  the  alloys  containing  0.5  and 
1.0  wt.%  of  Mn. 

(4)  The  ASR  of  the  oxide  scale  increases  with  the  Mn  content  in 
the  alloy  due  to  a  thicker  oxide  scale  formed  at  a  higher  oxida¬ 
tion  rate,  even  though  the  electrical  conductivity  of  the  Mn-rich 
phases  (Mn,  Cr)304  and  Mn203  are  lower  than  that  of  the  corun¬ 
dum  type  oxide. 

(5)  Mn-free  Fe-17Cr  alloy  is  preferred  as  the  material  for  metal¬ 
lic  interconnects  of  SOFCs  in  terms  of  the  oxidation  behavior 
and  electrical  conductivity.  In  order  to  alleviate  the  cathode  Cr- 
poisoning  caused  by  Cr  evaporation  from  Cr203  during  SOFC 
operation,  Cr-free  coatings,  such  as  Mn-Co  and  Ni-Mn  spinels, 
are  recommended. 
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